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/ //j SUMMARY 

/ A negligible effect on stage efficiency and a small improvement in 
the flow conditions through the third stage were observed when the J71 
experimental turbine was modified to include shrouding of the third- 
stage rotor. 


INTRODUCTION 


The NACA Lewis laboratory is currently conducting a study of high- 
work-output low-blade- speed multistage turbines. As a part of this 
study, the effect of shrouding the third-stage rotor of a three-stage 
J71 experimental turbine is being investigated. A survey investi- 
gation at the equivalent design operating point was conducted on the 
original version of the turbine (ref. l), which had only the first- 
and second-stage rotors shrouded. This reference investigation revealed 
that (l) the efficiency of the third stage was appreciably lower than 
that of the first and second stages, and (2) large losses occurred in 
the hub and tip regions of the unshrouded third stage. 


In an effort to improve the tip performance of the third stage and 
thereby improve the over-all turbine performance, the third rotor was 
modified to include a shroud. This modified turbine was called the J71- 
97 turbine. Even though this modification did not improve the over- 
all performance (ref. 2), it is of interest to determine the effect 
of the third-stage shroud on the internal -flow conditions of the tur- 
bine at the design equivalent operating point. Therefore, this report 
presents the results of this investigation and compares them with 
those obtained from the corresponding investigation of the original 
turbine (ref. l) in order to determine the effect on the internal-flow 
conditions of shrouding the third-stage rotor. 
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SYMBOLS 

A annular area, sq ft 

c blade chord, ft 

D diffusion factor 

p pressure, lb/sq ft 

s blade spacing, ft 

T temperature, °R 

U wheel speed, ft/sec 

V absolute gas velocity, ft/sec 

W relative gas velocity, ft/sec 

3 relative flow angle (measured from axial direction) , deg 

V ratio of specific heats 

T] adiabatic efficiency 

p gas density, lb/cu ft 

a solidity, ratio of actual blade chord to blade spacing, c/s 

oi loss coefficient 

Subscripts : 

av mass-averaged value 

i inlet 

max maximum 

o outlet 

u tangential 

x axial 

0 12 3 

4 ' 5 ' 6 ' 7 measuring stations (see fig. l) 
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Superscripts : 

' stagnation or total state 

" relative stagnation or total state 


APPARATUS, INSTRUMENTATION, AND PROCEDURE 

The test installation used for the subject survey investigation of 
the internal -flow conditions of the J71-97 experimental turbine at equiv- 
alent design speed and work is the same as that used for the original 
turbine and is described in reference 3. The modifications of the tur- 
bine geometry, necessitated by the addition of a shroud on the third- 
stage rotor, are described in detail in reference 2. Briefly, the 
major change was a reduction of about 2 and 4 percent in the annular 
flow area through the third-stage stator and rotor, respectively. Fig- 
ure 2 of reference 2, showing these modifications, is reproduced herein 
as figure 2. The instrumentation was the same as was used in the origi- 
nal turbine survey and is described in reference 1. 

Radial measurements of total pressure and angle were made by the 
use of combination probes mounted in remotely controlled movable actua- 
tors. Measurements were taken at the turbine inlet (station 1, fig. l) 
and at the outlet of each succeeding blade row. Data were taken from 
each of the two actuators at the outlet of each rotor row of blades. 
Total-temperature measurements were obtained at each rotor outlet by 
means of spike-type thermocouple rakes, so that readings were obt ai ned 
at the area centers of 10 equal annular areas. A schematic diagram of 
the turbine showing the social and circumferential location of the in- 
struments is presented in figure 1. A photograph of the type of in- 
struments used is presented in figure 3. 

The values of static pressure at any measuring station at the hub 
and tip were obtained by averaging the values measured by the wall 
static taps on the inner and outer shrouds, respectively. Static pres- 
sure at any radius at any given measuring station was determined by 
assuming a linear radial variation between the hub and tip values. At 
the outlet of the first and second rotors (stations 3 and 5), however, 
the static pressure was assumed constant at the value indicated by the 
wall static taps on the inner shroud. This assumption was made because ‘ 
the indicated wall static pressures on the outer shroud were lower than 
the hub values, which is in contradiction to the considerations of 
simple radial equilibrium. These same flow conditions were noted in 
the investigation of the original turbine (ref. l) . It was felt that 
these tip values reflected local flow conditions and as such would be 
meaningless in calculating the mainstream flow velocities. 
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The survey data were obtained by operating the turbine at the 
equivalent design speed of 3028 rpm and an equivalent work output 
(based on torque measurements) of 32.1 Btu per pound. The inlet total 
pressure and temperature were nominally 35 inches of mercury absolute 
and 700° R, respectively. Where duplicate measurements of pressure and 
angle were made behind each rotor, the measurements were numerically 
averaged at their corresponding radial position. The surveys of the 
modified turbine and the original turbine of reference 1 were both made 
near the equivalent design operating point. The values of work output 
obtained from torque measurements differed slightly, 31.5 Btu per pound 
for the original compared with 32.1 Btu per pound for the modified tur- 
bine. However, it was felt that they were sufficiently close to permit 
a comparison of the results. 


INTERNAL-FLOW CALCULATIONS 

Equivalent stage work parameter . - The local work output of a stage 
is expressed as an equivalent stage temperature drop: 

T' 

AT' o 

T' “ 1 " T! (l) 


where Tg and Tj are local values evaluated along an assumed stream- 
line passing through a given percentage of annular area at any given 
measuring station. 


Stage and over-all efficiencies . - The local values of turbine 
stage and over-all adiabatic efficiencies were calculated from 


T' 

1 - —2 
n 



where the local values of both total pressure and temperature are ob- 
tained at a given percentage of annular area. 


Mass-averaged values . - Mass-averaged values of stage and over-all 
work and efficiency. were obtained from the equation 


I A < )pv *“ 


JT pvx “ 


( 3 ) 
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where ( ) indicates the local value of either work or efficiency ob- 

tained from equation (l) or (2), and pV x dA is the corresponding local 

value at either the stage or turbine outlet. A numerical integration 
was used to evaluate the integrals. 

Velocities and flow angles . - The local values of total tempera- 
ture and total and static pressures were used in the one -dimensional 
energy equation to calculate the flow Mach numbers and velocities. Com- 
ponents of these velocities V x and V u were then determined from the 

known flow angles. These values, together with the wheel speed U, were 
used to calculate the relative flow velocities, Mach numbers, and angles. 

Loss parameter . - The stage loss parameter, developed in reference 

1, is 


03 



(4) 


Diffusion factor . - A diffusion factor for each turbine blade row 
was computed from the equation 


D = 


W 

max 



W, 


max 


(5) 


where W may is the maximum velocity on the suction surface of the blade 

and W Q is the average outlet velocity within the plane of the trailing 
edge. 


RESULTS AND DISCUSSION 
Stage Work and Efficiency 

The variation of stage efficiency tj and the stage work parameter 
AT'/T' with percent of annular area is presented in figure 4. In- 
cluded in the figure are the over-all and mass-averaged values of the 
parameters, as well as the variation of efficiency and the stage work 
parameter obtained from the original J71 experimental turbine investi- 
gation (ref. l) . 

The mass-averaged values of the work parameter for the first, 
second, and third stages represent 42.9, 32.3, and 24.8 percent of the 
over-all turbine work output compared with 44.1, 33.4, and 22.5 for the 
original turbine. The percent of over-all turbine work output of the 
first and second stages of the modified turbine has decreased by approxi- 
mately 1 percent compared with the original turbine. However, the third 
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stage is now producing 2 percent more of the over-all turbine work, rep- 
resenting a 9-percent increase in the stage work. This shift in work 
division can he attributed to the reduced flow area through the third 
stage and the fact that the survey data for the modified turbine were ob 
tained at a slightly higher over-all turbine work output. 

The mass-averaged values of efficiency for the first, second, and 
third stages were 0.891, 0.849, and 0.784, respectively. These values 
were slightly lower (less then 1 percent) than those obtained from the 
original turbine, indicating that shrouding the third-stage rotor had a 
negligible effect on stage efficiency. The spanwise variation of effi- 
ciency for the first stage is similar to the trend found in the original 
turbine. The second stage exhibited greater spanwise variations in ef- 
ficiency than before. The large variations in efficiency appearing near 
the hub and tip of the third stage were reduced. From the reasoning set 
forth in reference 4, it appears likely that the loss regions leaving a 
blade row may shift both radially and circumferentially for even a smai i 
change in operating point or turbine geometry without changing the 
mass-averaged loss. The data of figure 4 indicate that the loss shifted 
radially without changing the mass-averaged loss. There might also have 
been. a circumferential shift, but this could not be determined because 
the probes were located in only one or, at most, two circumferential 
positions . 

The mass-averaged value of over-all efficiency is 0.858, which 
compares reasonably well with the value of 0.874 obtained at the cor- 
responding turbine operating point from the general performance investi- 
gation (ref. 2). The spanwise variation of over-all efficiency also ex- 
hibits regions of low efficiency in the hub and tip regions. 


Stage Mach Numbers and Flow Angles 

The radial variation of absolute and relative Mach numbers and 
flow angles is presented in figure 5 for both the modified turbine and 
the original turbine of reference 1. Included are the radial variations 
of the design values from the velocity diagrams of the original turb in e. 

Little or no change in the first- and second- stage Mach numbers and 
flow angles resulted from the third-stage modifications or the increased 
work output at which the data were obtained (figs. 5(a) and (b)). How- 
ever, figure 5(c) shows that the third- stage modification caused an in- 
crease in the absolute Mach number at the third-rotor inlet and no 
change in the absolute flow angle. Hence, both the inlet relative 
Mach number and angle increased. At the outlet of the third-stage 
rotor, the modification resulted in a reduction of the absolute Mach 
number and additional turning as the absolute and relative flow angles 
became more negative. 
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Stage Loss Function and Design Blade Diffusion 

The stage loss function (d 5 cos p)/a and the design values of 
suction-surface diffusion D for the stator and rotor blades are pre- 
sented in figure 6 as functions of annular area. Little change in the 
level or spanwise variation of loss function occurred in the first and 
second stages as a result of the modification to the third stage. How- 
ever, the third stage exhibits a new trend as compared with the original 
turbine (ref. l) . The large spanwise variations in the loss function 
have been reduced through that stage. 

The values of diffusion presented in figure 6 do not represent ex- 
perimental values that actually exist in the turbine. Design diffusion 
cannot be expected, since the design velocity diagrams were not estab- 
lished at the equivalent design operating point where these survey data 
were obtained. However, if the design diffusion values are considered 
as an indication of the actual blade diffusion, then high values of dif- 
fusion should indicate high blade losses. No such spanwise correlation 
is indicated in figure 6 for all three stages . It does appear , however , 
that, as the level of the stage diffusion increases, the level of the 
loss function also increases. Arbitrarily, then, the individual stage 
loss function curves were mass -averaged, and the stage diffusion curves 
were area-averaged. Figure 7 presents a cross plot of these values. 

This figure indicates that, as the average design diffusion increased, 
so did the mass-averaged loss function. The same trend can be noted for 
the original J71 experimental turbine (fig. 7). 

SUMMARY OF RESULTS 

The following results were obtained from an investigation of the 
internal-flow conditions of the J71 experimental turbine when the tur- 
bine was modified to include shrouding of the third-stage rotor: 

1. The mass-averaged values of efficiency for the first, second, 
and third stages were 0.891, 0.849, and 0.784, respectively, which are 
slightly lower (less than 1 percent) than those of the original J71 
experimental turbine. 

2. The large indicated spanwise variations of both the efficiency 
and loss in the third stage have been reduced. 

3. Design diffusion and blade losses correlated to the extent that 
high stator and rotor diffusion for the third stage resulted in high 
losses for the third stage. 

Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, November 3, 1955 
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Modifications 

(b) Shrouded third- stage rotor configuration. 

Figure 2. - Schematic diagram of third stage of J71 experimental turbine showing 
original and modified configurations. 
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(a) First stage. 

Figure 5. - Variation of absolute and relative Mach numbers and angles at rotor inlet and outlet with annular area. 
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Figure 5. - Continued. Variation of absolute and relative Mach numbers and angles at rotor inlet and outlet with 
annular area. 





NACA RM E 55 K 02 a 


C QNFIDEKT IAL 


Ifilii 


IliSsins 

liiiiiil 


s |||j|sa |j|j 


:::::::::::::: 
i an sssss ss 

aa RiaS Eaaa a aa 


Ml 


mmm 

isri ffii i aas S H I 
!s: SSRi iRR R W l 

iilijiiliffll 


RiTijiyiizaia! 
]i SSSSiSSSSj SSS 
SpK? «*»!• SSSSS SSS 


SSmS SKI* Hu! uksd * SSSS S ■ ■ S 3 5 * 


l| p PSPi BBBBPPPPBB MMtll 

tfl Ensi ww»ij i ps*a mm 

il ***** BM Kbimv 


lurasHaSR? 

Irrsrrssr 


MWM 

ISaSSSSSSSSSSS 

■ aaaaaaaaafaaa 

laasaH 

II::::!™!:: 




tm 


SSiSJSR 

m 


aara: 

ssJitsi 


iiillli 

■ipl 

■ui 3 iE!Sii?Si »"E» 

■a aftiutniviKM 
SamSPaSURSSatf&fi 



H||j 

SuaSy 




::::::: 


IliHai 




sssss staff I 


iiiinoiiii 

II t! tis ItSU 5gS555SS3a 1 

ipiilEiiliniipil 

Ip*"!! ppppp K iii!!ii{B 

■SI IS jSSSSa SSSSS SSSSS I 

uii-ii-Humssill 


CSi ». S:EESS«:ESSSS 

sshrssrs: sssss: 
i:r;s:: 

il 1 aaaaaazaa ■■ ail 
■ a (■■Minn mniaiiil 
la luuiauiuialuui ■ 

IS araSSRSSRRERSSl 

it i (aaiaaaaiiaaagauaaB 




mwamssmsm 


rftt tltt - t ttT tt tt 

I§i§ 

liiiiiil 

gpip 

iiii 

Egtiil jg. 

J jjj| 


Ernammm 

»slis 


iiiir 

liOil 


igiOlHBHBinBIIH 
PSP B p MBPS mialll 


SESSEESSSESESESEE! 

miisBiiaiSi 


IIUk 


T. n rt S 3 
rod i± 
r «H C c5 


±oZ Sb 

B*??g 


WMM 


lyqjRRs 


mW& 


SsHStS 

■sssss rss 
mss is: 


:!i!!!i!!!!!! 

Mu!!!!!! 


sssss::!::::::::::::::::::::: 
■missserrrsssrsssrsr:: 

SSSSRSSRRSSRSaSSSRES 


uaqumu qoaw 

3ap ’0 i9ub mox^ 


C ONFIDENT IAL 


Figure 5. - Concluded. Variation of absolute and relative Mach numbers and angles at rotor inlet and outlet with 
annular area. 
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Figure 6. - Variation of loss function and design rotor and stator blade suction-surface diffusion with 
annular flow area. 




